A low-voltage current-mode integrator is presented for a continuous-time baseband channel selection filter of wireless communication systems. Fully-balanced current-mirror structure with additional cascode transistors operated in linear region enables low-voltage and low-power dissipation properties as well as voltage-controllable cutoff frequencies over a broad frequency range. A channel selection filter using the proposed integrator for three different communication standards with direct conversion receiver is implemented for a design example. Experimental results show that the implemented channel selection filter achieves design specification and outperforms other conventional filters.
baseband filter must have wideband cut-off frequency and multi-standard capability [1, 2] .
To achieve the wideband cut-off frequency, the amplifier which is applied in the filter should have wide gain bandwidth. Most of channel selection filters are designed with an active RC or Gm-C method based on operational amplifier (Op-amp) or operational transconductance amplifier (OTA) [3, 4, 5] . These baseband filters are sensitive to variation of design process and temperature. To overcome this problem, the current-mode design method has been discussed in various researches [6, 7] . Because of a small internal voltage, the current-mode circuit requires low supply voltage and consumes low power. Futhermore, it has wide dynamic range.
This letter proposes a low-voltage current-mode integrator for a continuous-time current-mode baseband channel selection filter. The lowvoltage current-mode linear cascode integrator is introduced to offer advantages of high filter gain and improved unity-gain frequency. A continuoustime current-mode baseband channel selection filter using the proposed integrator, which can be used for various wireless communication systems such as Bluetooth, digital enhanced cordless telecommunications (DECT), and wideband code division multiple access (WCDMA), is implemented for an example.
Proposed low-voltage current-mode integrator
A proposed current-mode integrator has fully differential input and output structure consisting of CMOS complementary circuit. Additional cascode transistors which are operated in linear region are inserted for bias to achieve the low-voltage feature. Frequency range is also controllable by selecting proper bias voltage. Fig. 1 (a) and 1 (b) show the proposed integrator and a small signal equivalent circuit of the half of the proposed integrator respectively. In Fig. 1(a) , M1 ∼ M6 and M10 ∼ M15 are operated in saturation region, but M7 ∼ M9 and M16 ∼ M18 are operated in linear region. Because all MOSFETs operated in linear region satisfy v DS < v GS − V th , they require very low Δv DS . For this reason, although 3 MOSFETs are connected in series between V dd and GND in the proposed integrator, because 2 MOSFETs are operated in saturation region among them, 2Δv DS is needed only. Assuming that operation voltage of input and output is 1 V, minimum drain-source voltage Δv DS ensuring saturation mode is 0.25 V, and threshold voltage of NMOS is 0.5 V, then total supply voltage for the proposed integrator becomes 1.5 V. It can be noticed that the proposed integrator is suitable for low-voltage applications.
We can obtain pole (p 1 ), current gain (A), and unity-gain frequency (ω 0 ) of the proposed integrator as follows. Table I shows current gain and unity-gain frequency of the proposed integrator according to the bias voltage or the control voltage Vc for channel selection. When Vc varies 0.45 ∼ 0.65 V, current gain and unity-gain fre- 
Continuous-time baseband channel selection filter
We implement a continuous-time current-mode channel selection lowpass filter using the proposed integrator for an example. The implemented channel selection filter provides channel selection property which can select one of three different communication standards, such as bluetooth, DECT, and WCDMA, by user requirements. Design steps of the channel selection active filter are as follows.
1. Determine filter specification such as function type, filter structure, passband ripple, stopband attenuation, cut-off frequency, and etc. We choose a 5-th order Chebyshev function having good stopband attenuation and passive doubly terminated ladder network having lower sensitivity converting passive filter to active one. Specification of the filter is determined by WCDMA which has the highest cut-off frequency among three different communication standards.
Obtain values of passive elements (R, L, C) of the passive filter satisfying filter specification.
3. Convert passive filter to active filter. In this design, we utilize signalflow graph (SFG).
4. Determine integral capacitance of the proposed integrators in the proposed active filter using values of passive elements obtained from step 2, transconductance and cut-off frequency of the proposed integrator.
The implemented active filter consists of the proposed current-mode integrators shown in Fig. 1(a) having integral capacitance obtained from step 4 of design steps. Cut-off frequency for each wireless standard can be selected by Vc. Table II shows design specification and simulation results of the implemented current-mode channel selection lowpass active filter. It can be noticed that simulation results of cut-off frequency and stopband attenuation are satisfied with design specification. Furthermore, the implemented filter achieves an advantage of low-power consumption. Table III compares performance of conventional active RC filter, MOSFET-C filter, Gm-C filter [3, 4, 5] , and the proposed filter. The proposed filter satisfies required filter performance at 2.5 MHz cut-off frequency using low supply voltage of 1.8 V. Owing to smaller total capacitance of the proposed filter than those of the conventional filters, the proposed filter has an additional advantage of small chip area.
Experimental results

Conclusion
An improved low-voltage current-mode integrator using fully-balanced integrator combined with cascode type current-mirror circuit has been proposed for a continuous-time current-mode baseband channel selection filter. The introduced integrator had high filter gain and improved unity-gain frequency with low supply voltage. Experimental results showed that the channel selection active filter using the proposed integrator met design specification with low power consumption and outperformed other conventional filters.
